The initiation of protein synthesis by Streptococcus faecalis R grown in folate-free culture occurs without N-formylation or N-acylation of methionyltRNA,Met. Methionyl-tRNA synthetase and methionyl-tRNA formyltransferase were partially purified from S. faecalis grown under normal culture conditions in the presence of folate (plus-folate); the general properties of the enzymes were determined and compared with the properties of the enzymes purified from wild-type cells grown in the absence of folate (minus-folate). S. faecalis methionyl-tRNA synthetase displays optimal activity at pH values between 7.2 and 7.8, requires Mg2+, and has an apparent molecular weight of 106,000, as determined by gel filtration, and 127,000, as determined by sucrose density gradient centrifugation. The Km values of plus-folate methionyl-tRNA synthetase for each of the three substrates in the aminoacylation reaction (L-methionine, adenosine triphosphate, and tRNA) are nearly identical to the respective substrate Michaelis constants of minus-folate methionyl-tRNA synthetase. Furthermore, both plus-and minus-folate S. faecalis methionyl-tRNA synthetases catalyze, at equal rates, the aminoacylation of tRNA,Met and tRNAmMet isolated from either plus-folate or minus-folate cells. S. faecalis methionyl-tRNA formyltransferase displays optimal activity at pH values near 7.0, is stimulated by Mg2+, and has an apparent molecular weight of approximately 29,900 when estimated by sucrose density gradient centrifugation. The Km value of plus-folate formyltransferase for plus-folate Met-tRNArMet does not differ significantly from that of minus-folate formyltransferase for minus-folate Met-tRNA,Me . Both enzymes can utilize either 10-formyltetrahydrofolate or 10-formyltetrahydropteroyltriglutamate as the formyl donor; the Michaelis constant for the monoglutamyl pteroyl coenzyme is slightly less than that of the triglutamyl pteroyl coenzyme for both transformylases. Tetrahydrofolate and uncharged tRNA,Met are competitive inhibitors of both plus-and minus-folate S. faecalis formyltransferase; folic acid, pteroic acid, aminopterin, and Met-tRNAmMet are not inhibitory. These results indicate that the presence or absence of folic acid in the culture medium of S. faecalis has no apparent effect on either methionyl-tRNA synthetase or methionyl-tRNA formyltransferase, the two enzymes directly involved in the formation of formylmethionyl-tRNAfM t. Theref6re, the lack of N-formylation of Met-tRNArMet in minus-folate S. faecalis is due to the absence of the formyl donor, a 10-formyl-tetrahydropteroyl derivative. Although the general properties of S. faecalis methionyl-tRNA synthetase are similar to those of other aminoacyl-tRNA synthetases, S. faecalis methionyl-tRNA formyltransferase differs from other previously described transformylases in certain kinetic parameters.
methionyl-tRNA N-formyltransferase, EC 2.1.29), the enzyme which catalyzes the folatemediated transformylation of Met-tRNAfMet, has been demonstrated in several bacterial species (14, 31, 37) wheat chloroplasts (22) , and yeast mitochondria (17) , but not in the cytoplasm of eukaryotes (28) .
The initiation of polypeptide chain biosynthesis in most prokaryotic organisms and in the chloroplasts and mitochondria of eukaryotic cells occurs with formylated methionyltRNAfMet; however, in the cytoplasm of eukaryotes, an unformylated methionyl-tRNA, Met species, functions as the initiation tRNA (24, 28) .
Streptococcus faecalis, a gram-positive, facultative anaerobe, is not capable of folic acid synthesis de novo, but can be grown in the absence of folate when the following substances, all products of biosynthetic reactions mediated by a derivative of the vitamin, are present: serine, methionine, a purine, and thymine (19, 32, 33, 37, 42, 43, 45) . Formylation of methionyltRNAfMet is also a folate-mediated reaction (15, 30) , and, although formylated methionyltRNAf Met appears to be essential for the growth of some bacterial species such as E. coli (24) , S. faecalis does not require formylation of MettRNAfMet for growth in folate-free medium (14, 29) . Methionyl-tRNA of S. faecalis grown in the absence of folic acid is neither formylated nor covalently blocked at the a-amino group by any other detectable N-acyl group, whereas approximately 60% of the total methionyl-tRNA of S. faecalis in exponential growth in folate-sufficient medium is formylated (38) .
To determine the molecular basis for the observation that minus-folate S. faecalis (wild- (38) , and E. coli A19 was grown as described previously (37) . Unfractionated tRNA from folate-sufficient and folate-deficient S. faecalis was prepared as described earlier (38) . The Preparation of methionyl-tRNAMet. Deacylated bulk or benzoylated DEAE-cellulose-fractionated tRNA was aminoacylated with unlabeled L-methionine in a standard reaction mixture. After incubation for 20 min at 37 C, the reaction mixture was extracted with phenol saturated with 0.05 M sodium acetate buffer (pH 4.5). The tRNA was precipitated from the aqueous layer by the addition of 1/5 volume 5 M NaCl and 2 volumes of cold ethanol. After standing at -20 C, the precipitate was collected by centrifugation, dissolved in 0.01 M sodium acetate buffer (pH 4.5) containing 0.001 M magnesium chloride, and chromatographed on a Sephadex G-25 column equilibrated with the same buffer. Column fractions that contained methionyl-tRNAMet were pooled, lyophilized, and stored at -20 C.
Protein determinations. Protein estimations were made both by the method of Lowry et al. (27) , modified as described previously (36), and also spectrophotometrically (20 Molecular weight by gel filtration. The molecular weights of methionyl-tRNA synthetase and methionyl-tRNA formyltransferase were estimated by filtration on Sephadex gel columns essentially as described by Andrews (2) and Leach and O'Shea (21) .
Isolation of methionyl-tRNA synthetase and methionyl-tRNA formyltransferase. Essentially identical schemes were used in the partial purification of methionyl-tRNA synthetase and methionyl-tRNA formyltransferase from plus-and minus-folate S.
faecalis. All operations were carried out at 4 C unless otherwise stated.
Extract. Cells stored frozen at -90 C were disrupted by grinding with two weights of alumina until a smooth paste was obtained. DEAE-cellulose chromatography. DEAE-cellulose was packed to a volume of 500 ml (4.0 by 40 cm column) in buffer B containing 1 M sodium chloride, and then equilibrated with buffer B. The dialyzed S100 supernatant fraction was applied to the column, and 10-ml fractions were collected at a flow rate of 1.0 to 1.5 ml/min. After the wash with approximately 1.5 column volumes of buffer B, a linear gradient of sodium chloride was generated by mixing 1 liter of buffer B with 1 liter of buffer B thdt was also 0. 25 dialyzed overnight against buffer C, was slowly applied to the column at a flow rate of 6 ml/h and then washed with 60 ml of the equilibrating buffer. The enzyme was eluted with a linear gradient of sodium chloride. The mixing chamber contained 250 ml of buffer C, and the reservoir contained 250 ml of 0.40 M sodium chloride in buffer C. The flow rate was initially about 8 ml/h, but progressively increased with increasing salt concentration to a maximum of 20 ml/h. Fractions (2.0 ml) were collected. Similar elution profiles were obtained for enzyme preparations from plus-folate and minus-folate S. faecalis. In all cases the methionyl-tRNA formyltransferase activity eluted during the second half of the gradient at sodium chloride concentrations of 0.25 to 0.35 M. The fractions containing enzyme activity were pooled, concentrated by ultrafiltration with a UM-2 membrane as before, and stored in small volumes at -90 C.
Sephadex G-200 gel filtration. A Sephadex G-200 column (2.5 by 86 cm) was prepared as described by Pharmacia Fine Chemicals, Inc., and equilibrated with buffer B. The concentrated methionyl-tRNA synthetase fraction from the DEAE-cellulose column was applied to the column. Fractions (2.5 ml) were collected at a flow rate of 6 ml/h, with 15-cm hydrostatic pressure maintained by the use of a Mariotte bottle as the buffer reservoir. The eluate fractions containing the enzyme activity were pooled, concentrated by ultrafiltration with a UM-10 membrane as before, and stored at -90 C in small volumes. The elution profiles for S. faecalis plus-folate and minus-folate methionyl-tRNA synthetases at this stage of purification were essentially identical.
Summary of enzyme purification. The purification procedure for methionyl-tRNA synthetase from plus-and minus-folate S. faecalis yields enzyme with a specific activity of 40 to 45 U/mg of protein, purified seven-to eightfold, from the S100 supernatant fraction. The methionyl-tRNA formyltransferase purification scheme yields enzyme from folate-sufficient and folate-free cells with a specific activity of 3,200 to 3,650 U/mg of protein purified approximately 100-to 300-fold from the S100 supernatant fraction. Formyltransferase was also purified from E. coli A19 by a scheme identical to that described for S. faecalis R formyltransferase; the specific activity of the final E. coli formyltransferase fraction was 2,650 U/mg of protein.
RESULTS
Methionyl-tRNA synthetase. The requirements for the esterification of L-methionine to tRNAMet were studied with methionyl-tRNA synthetase prepared from S. faecalis R grown both in plus-and minus-folate media. The enzyme preparations used throughout these studies were the Sephadex G-200 fractions; at this stage of purification, the specific activities of the enzyme isolated from plus-folate and minus-folate cells were 7.8 and 7.5, respectively.
(i) pH optimum. The enzyme prepared from cells grown either in the presence or in the absence of folic acid has a broad pH optimum between 7.2 and 7.8, but maximal activity in each case is displayed near pH 7.4 to 7.6.
(ii) Magnesium optimum. AminoacyltRNA synthetases, like most other enzymes utilizing ATP, require Mg2+. At a constant ATP concentration of 4 mM, the optimal concentration of Mg2+ ion was determined to be 15 mM for both plus-and minus-folate S. faecalis methionyl-tRNA synthetase.
(iii) Effect of ammonium and potassium ions. Neither ammonium nor potassium monovalent cations had a significant effect on the rate of aminoacylation catalyzed by either folate-sufficient or folate-deficient S. faecalis methionyl-tRNA synthetase when tested as chloride salts in concentrations ranging from 10 to 100 mM.
(iv) Determination of Michaelis constants. The kinetic constants for the substrates of methionyl-tRNA synthetase from plus-folate and from minus-folate cells are shown in Table   1 (v) Molecular weight. The molecular weight of S. faecalis R methionyl-tRNA synthetase was estimated by gel filtration on Sephadex G-200. From a plot of the ratio of the elution volume to void volume versus the log of the molecular weight for the marker proteins chymotrypsinogen, ovalbumin, gamma globulin, and 10-formyltetrahydrofolate synthetase, a value of 106,000 was determined by gel filtration for the molecular weight of methionyl-tRNA synthetase isolated from S. faecalis R cultured both in plus-folate and in minus-folate medium (Fig. 1) .
The molecular weight of S. faecalis methionyl-tRNA synthetase was also estimated by comparing its sedimentation behavior with that of hemoglobin, lactate dehydrogenase, and 10-formyltetrahydrofolate synthetase by sucrose gradient centrifugation. Both plus-folate (Fig.  2a) and minus-folate (Fig. 2b) methionyl-tRNA synthetase sediment slightly slower than lactate dehydrogenase, but considerably faster than hemoglobin. When examined together, the methionyl-tRNA synthetases gave a single symmetrical peak of enzymatic activity (Fig. 2c) .
From the approximation SJ/S2 = (MWJ1 MW2)218 (30) and the data presented in Fig. 2 , the molecular weight of both plus-and minusfolate methionyl-tRNA synthetase was calculated to be 127,000. Methionyl-tRNA formyltransferase. The requirements for the transfer of the formyl moiety from 10-formyltetrahydrofolate to methionyl-tRNAf Met were determined with S. faecalis R plus-folate and minus-folate formyltransferase (Table 2) . Control experiments were performed with an E. coli A19 enzyme preparation. Essentially identical results were obtained from methionyl-tRNA formyltransferase isolated from E. coli and from S. faecalis grown in either plus-or minus-folate medium. With a phosphocellulose fraction as the source of the enzyme, methionyl-tRNAfMet is required for the reaction; methionyl-tRNAmMet is not a substrate, and the addition of ATP, L-methionine, and either tRNAmMet or tRNA,Me, will not replace the requirement for Met-tRNAf Met, indicating that the formylation of methionine occurs only after aminoacylation of the tRNAMet and that the formyltransferase enzyme preparation is free from methionyl-tRNA synthetase activity. Neither ATP nor guanosine triphosphate stimulates the enzymatic reaction, but magnesium appears to be required for maximal activity.
(i) pH optimum. The enzymes prepared from both plus-folate and minus-folate S. faecalis exhibited maximal activity near pH 7 (ii) Magnesium optimum. Although there was no requirement for ribonucleotide triphosphates in the formyltransferase-catalyzed reaction, magnesium stimulated the enzymatic reaction from about three-to ninefold. The optimal concentration of magnesium ion was rather broad, but maximal activity was first obtained at about 30 mM with both plus-folate and minus-folate S. faecalis methionyl-tRNA formyltransferase.
(iii) Determination of Michaelis and inhibitor constants for pteridine derivatives. The formyl donor in transformylation reaction catalyzed by E. coli methionyl-tRNA formyltransferase has been established as a 10-formyltetrahydropteroate derivative from studies with pteroylmonoglutamate compounds (14, 29) . A comparison of the mono-and triglutamyl 10-formyltetrahydropteroate coenzyme derivatives has not been reported previously. The depend- (Table 3) . Similar Km values were obtained with formyltransferase prepared from plus-and minus-folate S. faecalis, although for both enzymes the Km for 10-formyltetrahydrofolate was slightly less than that for 10-formyltetrahydropteroyltriglutamate.
Tetrahydrofolate, a product of the formyltransferase reaction, was determined to be a competitive inhibitor of both plus-folate and minus-folate formylmethionyl-tRNA transformylase at concentrations approximately equal to the substrate, 10-formyltetrahydrofolate. The K, of (dl)-tetrahydrofolate as calculated from a double reciprocal plot was 2.4 x 10' M for the plus-folate enzyme (Fig. 3) . A similar K, for (dl)-tetrahydrofolate was obtained with the minus-folate enzyme (Table 3) . Folic acid, pteroic acid, and aminopterin did not inhibit either S. faecalis formyltransferase when tested individually at a final concentration of 1 mM in the standard assay (Table 3) .
(iv) Determination of Michaelis and inhibitor constants for methionine tRNAs. Of the two isoaccepting methionine tRNAMet species present in S. faecalis grown both in medium containing folic acid and medium free of folic acid, only Met-tRNAfMet is a substrate for enzymatic transformylation ( Table 2 ). The Mi- & Pteridine derivatives were evaluated as noninhibitory (NI) if, at a final concentration of 1 mM, they caused less than 10% inhibition under standard assay conditions. chaelis constant of S. faecalis plus-folate formyltransferase for plus-folate Met-tRNA, Met (7.2 x 10-f M) is very similar to the Km of minus-folate S. faecalis formyltransferase for minus-folate Met-tRNA Met (9.0 X iO-7 M) (Table 4) . Uncharged tRNAfMet was a strong competitive inhibitor of both S. faecalis R enzymes at concentrations near that of the substrate Met-tRNA,Met. The K, of tRNAfMet for plus-folate methionyl Met-tRNA formyltransferase is 5.7 x 10-' M (Fig. 4) (Fig. 5) . When examined together, the formyltransferases gave a single component with enzymatic activity (Fig. 5b) . From the data presented in Fig. 5 and the approximation S1/S2 = (MW,/MW2)213 (30) , the molecular weight of S. faecalis methionyl-tRNA formyltransferase was calculated to be 29,900.
DISCUSSION
The general properties of S. faecalis methionyl-tRNAMet synthetase and methionyltRNAfMet formyltransferase isolated from folate-sufficient cells do not differ significantly from the properties of the enzymes isolated from folate-free cells. The Michaelis constants estimated for each substrate of methionyl-tRNA synthetase prepared from both plus-folate and minus-folate S. faecalis are very similar and do not differ significantly from the Km values reported for E. coli methionyl-tRNA synthetase when determined by the aminoacylation reaction (8, 9) . The Km values for each of the three aminoacyl-tRNA synthetase substrates, ATP, tRNA, and L-amino acid, are of the same order of magnitude for most synthetases isolated from several prokaryotic and eukaryotic organisms (3). Neither plus-or minus-folate S. faecalis methionyl-tRNA synthetase distinguishes between tRNA Met and tRNAmMet prepared from either plus-folate or minus-folate cells. The observation that the methionyl-tRNA synthetase of S. faecalis grown in the presence and in the absence of folic acid catalyzes the aminoacylation of tRNAmMet and tRNAfMet at equal rates is similar to the finding for the E. coli methionyl-tRNA synthetase and tRNAMet substrates (8, 9 tested at a final concentration of 1 mM, which is approximately a 105-fold higher concentration than that required for inhibition of S. faecalis grown in the presence of 1.1 x 10-I M folate (37) . The Michaelis constant for Met-tRNAfMet is similar for S. faecalis formyltransferase isolated from both folate-sufficient and folate-free cells, and is comparable to that displayed by formyltransferase prepared from E. coli (3, 14) . A The apparent molecular weight of S. faecalis methionyl-tRNAmNet synthetase (106,000 by gel filtration and 127,000 by sucrose gradient centrifugation) is similar to the values observed for most other aminoacyl-tRNA synthetases that have been studied (24) . S. faecalis transformylase has an apparent molecular weight of about 29,900, although active enzyme species of molecular weight near 50,000 have also been observed by Sephadex gel filtration and sucrose density gradient centrifugation. The possibility that the higher molecular weight value is an artifact of protein aggregation or association with transfer RNA cannot be eliminated; however, the studies were performed under conditions that minimize formyltransferase-MettRNA, Met complex formation (0.1 M sodium chloride and 0.01 M magnesium chloride [13] ).
The molecular weight of E. coli formyltransferase was determined by Dickerman et al. (14) to be approximately 25,000, and Leis and Keller (22) estimated the molecular weight of wheat chloroplast formyltransferase at 45,000.
From the experiments reported in this investigation, it is concluded that the presence or absence of folic acid in the culture medium of S. faecalis R has no apparent effect on either methionyl-tRNA synthetase or methionyl-tRNA formyltransferase. Thus, the apparent lack of formylation of methionine transfer RNA under folate-free culture conditions of S. faecalis (38) appears not to be a result of a modification of either the aminoacyl-tRNA synthetase or formyltransferase enzymes, but rather is due entirely to the absence of the formyl donor, a 10-formyltetrahydropteroyl derivative, which is required for enzymatic transformylation.
